Abstract: This study simultaneously investigates direct DNA interaction and genotoxic impact of three typical metals: aluminum, cadmium and nickel, which the high concentration in soils and which the industries use, result in a daily significant exposure to humans. The three of them are suspected to be involved in carcinogenesis which implies genomic lesions. We propose to first study their genotoxic impact in vivo on primary normal human dermal fibroblast (NHDF) cells with comet assay at pH 7 to measure DNA breaks occurrence. Then, to characterize the metal/DNA interaction by isothermal titration calorimetry (ITC). Comet assay shows that Cd and Ni are genotoxic, they are responsible for DNA breaks starting from 1.10-4 mol.L-1 and 5.10-2 mol.L-1, respectively whereas Al has no effect (on DNA at pH7) as studied by ITC at pH 7. Cd and Ni present an electrostatic interaction with DNA phosphate groups. At high Cd concentration, a DNA condensation is observed by contrast. Al has no interaction with DNA phosphate groups, but at pH 4 the electrostatic interaction is strong and the same DNA condensation phenomenon is observed. Metal genotoxic effect seems linked to the electrostatic interaction on DNA phosphate groups. Genotoxic power evolves in parallel to DNA phosphate interaction strength as Cd > Ni > Al. If this study shows that metals do not directly break DNA, this binding could be a preferential site for damage due to reactive oxygen species.
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Introduction
This study examines three metal, aluminum, cadmium and nickel, (which the high concentration in soils and which the industries use result in a daily significant exposure to humans. If toxicity of Cd and Ni is clearly established and demonstrate, it is not the case of Al whose effects are still controversial. Indeed, chronic exposure to Cd leads to tubular and glomerular dysfunction and then to renal insufficiency accompanied by bone disorders [1] [2] [3] .
Since 1973, Cd is considered as responsible for professional diseases and has been classified in group 1 carcinogenic agent by the IARC [4] . In the same way, Ni, which we handle daily with coins, jewelry or zippers, is recognized as one of the most allergenic metals [5, 6] .
Moreover, besides leading to contact dermatitis, this metal is also classified as a potentially carcinogenic substance for humans by the IARC [7] and a chronic exposure to nickel is registered as a risk factor for lung cancer in the professional illness table. Finally, Al is said to be responsible for dialysis encephalopathy, osteoporosis and osteomalacia [8] . It accumulates in bones and brain leading to memory and learning disorders, but also inducing neurodegenerative pathologies [9] [10] [11] . If its role in breast cancer has been mentioned [12, 13] but not clearly established, according to precautionary principle its action as a carcinogen cannot be totally invalidated.
However, if the entire mechanism of action of these metals remains mostly unknown, their carcinogenesis abilities cannot be ignored. In this condition, it is relevant to consider their impact on the genome that, when altered, may lead to tumors. The aim of this study is to determine if these metals have an impact on the genome in physiological conditions. Then, if so, to quantify and model this impact. So, at first, the impact on Al, Cd and Ni on the genome was evaluated on human cells by comets assay. Secondly, the chemical interaction between metals and DNA was defined, using isothermal titration calorimetry (ITC), then the interaction was studied by the McGhee von Hippel model [14] .
Materials and methods

Reagents
The metal used were chlorides salts at high purity (99.9%): Cd (II) and Ni (II) were from Aldrich ® and Al (III) from Fluka ® analytical.
Primary normal human dermal fibroblasts (NHDF) were purchased from Lonza ® . Fibroblast basal medium-2 (FBM-2) supplemented with a growth kit containing 10 mL of fetal bovine serum, 0.5 mL of insulin, 0.5 mL of gentamicin sulfate amphotericin-B (GA-1000), and 0. 5   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 3 mL of r-human fibroblast growth factor-B were also from Lonza 
Comet assay
The comet assay performed was the alkaline comet assay as described by Singh [15] . NHDF were harvested, put in a 24 multi-wells plate to get 160 000 cells per well and incubated Two slides were prepared for each sample. Coverslips were placed over the cell layer and the agarose was allowed to harden during 5 minutes on ice. Then, coverslips were removed, and a 4 third layer with 85µl of 0.8% agarose (in PBS) was added over the cells. A coverslip was applied and the agarose was allowed to solidify during 5 minutes on ice.
The slides were immersed in freshly prepared lysis solution (2.5 M NaCl, 100 mM Na2 EDTA, 10 mM Tris (pH 10), 1% L-lauroyl sarcosinate, with 10% dimethylsulfoxide and 1%
Triton X-100 added just before use) for 90 min at 4°C. After the lysis procedure, the slides were placed side-by-side in a horizontal gel electrophoresis tank, which was filled with fresh electrophoresis buffer (300 mM NaOH, 1mM Na2 EDTA pH >13). The slides remained in the buffer for 20 minutes at 25°C to allow DNA unwinding. Electrophoresis was then carried out in the same buffer for 20 minutes at 25 V and 300 mA. Following electrophoresis, the slides were washed three times for 5 minutes each with 0.4 M Tris buffer (pH 7.5) to neutralize the alkali. Finally, the slides were rinsed with ultra-pure water, dehydrated in 100% methanol and dried for 12 hours at room temperature. Each slide was stained with 50µl of 2 µg/ml ethidium bromide and covered with a coverslip.
The cells were examined at 250X Magnification using a BX53-RFL fluorescence microscope damage for a sample [16, 17] . The n was termed χ 2 OTM and was used as the sole parameter for assessing levels of DNA damage. The significance of the differences between χ 2 OTM values of control and treated cells was analysed using Student's t-test.
Calorimetry
Isothermal Titration Calorimetry (ITC) was performed on a Microcal ITC 200 instrument (Microcal, Northampton, United States) at 37°C unless otherwise specified in TRIS ( 5mM and pH = 7) or MES (5mM and pH = 4) buffer. The metal solution (8mM for Al and 10 mM 
Here variables are defined as in (1) 
The polynomial obtained possesses only one root presenting physical meaning i.e. being superior to zero and lower than 1/L.
The determination of the root was performed using a library of numerical routines from NAG (Numerical Algorithms Group, Inc) included in Origin 9.1. The NAG function c05tbc is a 6 function which finds a non-linear system equations solution by a modification of the Powell hybrid method [20] . The iteration procedure was continued until both chi-square tolerance value and coefficient of determination values equal to 10 -9 and 0.995 were respectively reached.
For each injection, considering the mass balance and the cell volume, the total concentration of each reactant in the cell is calculated. From these concentrations, the iteration process leads to the determination of L, K and . Finally, the heat effect for each injection q i is calculated from:
where R represent the ratio .
The use of Levenberg-Marquardt algorithm in a nonlinear curve fitting procedure allows the determination of L, K and ∆H° values from the experimental data.
Results
Comet assay
Comet assay was performed in order to measure the induction of DNA-strand breaks by metals.
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Ionic strength influence
As electrostatic interaction and binding constant are strongly dependent of the ionic strength, experiments are performed next at different NaCl concentrations [34, 35] . Indeed, the electrostatic component of the interaction depends on the salt concentration and on the nonelectrostatic component, as described by the following equation [36] : (5) here K NE represents the binding constant of the non-electrostatic component of the interaction, n is the number of counter-ions displaced from the phosphate groups of DNA and [NaCl] is the salt concentration.
Ionic strength is then decreased by diminishing the NaCl concentrations at pH = 7 for Cd 2+ and Ni 2+ . In the Al 3+ case, pH is fixed at 4 to isolate the trivalent specie aluminum. The affinity constant evolution versus the sodium chloride concentration is plotted in figure 6 . The constant affinity at value weak ionic strength can only be measured on Ni 2+ titration. Indeed, in the case of Cd 2+ a condensation of DNA occurred. This behavior is often observed when a critical concentration of cation is reached. The DNA phosphate groups involve a charge density equal to -0,4712 nC.m -1 (two negative charges per 0.34 nm). When metal cation is added, the negative charges of DNA backbones are neutralized and lead to the condensation and aggregation of DNA (the phenomenon is easily observed due to the turbidity occurring in the sample cell) [37, 38] . This DNA condensation during Cd 2+ titration can be observed in figure 7 . Since a value of Cd 2+ /DNA-P about 0.2 is reached, a large endothermic peak appears due to DNA condensation. This behavior does not allow an usable fit of the titration curve.
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Interaction mechanism
The natural logarithm plot of the affinity constant versus the natural logarithm of NaCl concentration exhibits a linear evolution associated with coefficients of determination (R 2 ) equal to 0.988, 0.983 and 0.989 for Ni 2+ , Cd 2+ ( fig. 6 .A) and Al 3+ ( fig. 6.B) , respectively. This behavior is characteristic of the coulombic component governing the interaction. Indeed, Al 3+ , Cd 2+ and Ni 2+ need to displace Na + to bind DNA phosphate groups. The increase of ionic strength involves a less favorable electrostatic entropy leading to a weaker binding. This is observed in high NaCl concentration than at low [42] . In the Al 3+ case, the slope value is equal to 2.86 ± 0.13, leading to the displacement of 2.86 charges to bind one Al 3+ ion. This displacement of counter-ions by aluminum is well known and can occur even with divalent counter-ions such as Mg 2+ [43] . The amounts of counter-ions displaced by binding of Cd
2+
and Ni 2+ is equal to 1.63 ± 0.07 and 1.38 ± 0.07 respectively, confirming the strongest affinity 
Discussion
Comet assay showed than cadmium and nickel had an impact on DNA while aluminum did not, at pH 7. should not be the specie tested.
According to these experiments, the genotoxicity of these metals seemed to be related to DNA phosphates: the strongest metal linked (Cd 2+ ) was also the most genotoxic. At the same time, the less bounded (aluminum) was the less toxic. However, these experiments confirm that the genotoxic effect of Cd 2+ and Ni 2+ is indirect [49] . Indeed, despite the high energy value of the bond, no heat peaks of thermal events have been measured excluding the possibility of direct DNA break.
Metals are known to act indirectly by generating reactive oxygen species (ROS) [50] [51] [52] which are responsible for DNA base oxidation resulting in DNA breaks. Metal linked to DNA phosphate groups could modify DNA electric charge repartition and ease ROS access until bases. Furthermore, the condensation effect observed with Cd 2+ means that this metal has an impact on DNA conformation which could lead, after too much tension, to DNA break. This behavior highlights that more than the metal nature itself, its specie may be considered to be involved in the genotoxicity. In this way a role of intracellular pH may be emphasized, a change in this pH range may induce a change of the metal species and so of its distribution and action.
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